Aims: To determine the survival of Escherichia coli and Staphylococcus aureus on cotton and polyester and the effectiveness of low-temperature laundering and detergents on the removal of micro-organism from healthcare laundry. Methods and Results: Survival of E. coli and S. aureus on polyester or cotton was assessed over 3 weeks and the efficacy of a domestic wash (40 and 60°C) and a range of detergents was also determined. Both bacteria were able to survive on cotton (5 log (10) ) and polyester (0Á28 log (10)
Introduction
Infection control practices most commonly report good hand hygiene, cleaning of medical devices and the hospital environment as the best preventative measures for the cross-contamination of micro-organisms, however, little attention is given to healthcare staff uniforms (Stone et al. 2012) . In the UK, healthcare uniforms are commonly laundered at home, with the exception of clothing items such as uniforms and scrubs that become heavily contaminated during a shift and require immediate change on site. Some European countries, including Austria, Germany and France, have developed systems where uniforms are changed in the workplace after every shift and laundered in house or by external contractors (Textile Services Association, 2011) . In the UK, guidelines are in place to ensure staff know how to safely decontaminate their uniforms when laundering at home, specifying that a 60°C wash for 10 min is sufficient to remove almost all micro-organisms and that washing at 30°C with detergent will remove most Gram-positive microorganisms including all methicillin-resistant Staphylococcus aureus (MRSA) (Department of Health (2010) , little is done in the way of monitoring compliance.
There is limited published research on the survival of micro-organisms on textile fibre types commonly found in healthcare settings. Nordstrom et al. (2012) demonstrated that hospital-laundered scrubs had significantly fewer bacteria on them postindustrial laundering than home-laundered scrubs. However, a study by Bloomfield (2007) showed that laundering at 60°C with any laundry product, or using 40°C with a detergent containing bleach would be sufficient to kill most micro-organisms including S. aureus and Escherichia coli.
A recent study reported that of 265 healthcare staff questioned, 44% launder uniforms below the recommended 60°C and 40% stated that they washed uniforms with everyday clothing. In addition, it is the responsibilities of individual trusts to interpret the DoH guidance on staff uniform washing, resulting in significant differences between the information given to nurses across the four trusts surveyed, with some trusts stating 60°C for 10 min while others just stating uniforms are to be washed at a minimum of 50°C, drying and the use of detergents are also often not clarified (Riley et al. 2015) .
Insufficient decontamination of nurses' uniforms could lead to a potential route for microbial contamination onto other textile items, the hospital environment or patient (Fijan and Turk 2014) . With rising rates of antibiotic-resistant bacteria this is of particular concern.
The aim of this study was to assess the survival of S. aureus and E. coli on cotton and polyester and the effectiveness of household detergents (biological detergent, nonbiological detergent, a detergent claiming to be antimicrobial and standard ECE nonphosphate reference A detergent) and domestic laundering at 40 and 60°C on the removal of micro-organisms.
Materials and methods

Micro-organisms and culture methods
All media were obtained from Oxoid Ltd (Basingstoke, Hampshire, UK), unless otherwise stated. Test organisms include E. coli (NCTC 8003) and S. aureus (NCTC 6538). Organisms were grown in nutrient broth (CM001) and incubated for 24 h at 37°C. All investigations were conducted with cells; washed three times in sterile water by centrifugation for 10 min at 6000 g.
Survival of micro-organisms on polyester and cotton fibre
Polyester and cotton fibres were carded and weighed to 0Á5 g per sample. These fibre samples were then autoclaved and placed into individual plastic frames (1019167 -Jessops, Leicester, UK).
The fibre samples were then inoculated with 500 ll of either S. aureus or E. coli and incubated at 23°C and 47% relative humidity (RH) (to simulate room temperature and humidity) for eight, 24, 48, 72, 96, 120, 144, 168, 240, 336 or 504 h. Samples were then vortexed in phosphate-buffered saline (PBS-BR0014G-Oxoid) for 1 min, plated onto nutrient agar (CM003-Oxoid), incubated at 37°C for 24 h and then enumerated.
Scanning electron microscopy on contaminated fibres
After polyester and cotton fibres were inoculated with S. aureus or E. coli (10 8 ) for either eight, 24, 168 and 504 h, these fibre samples were fixed using a 70% alcohol solution, allowed to dry and mounted on 12Á5 mm aluminium stubs (Agar Scientific, Stansted, UK).
The samples were then coated with a conductive layer (gold) using an Edwards Sputter Coater S150B and observed using a scanning electron microscope (SEM; Carl Zeiss Evo HD 15, Cambridge, UK). Analysis of the samples was performed at high vacuum using a beam accelerating voltage of 20 kV and 20 lm beam aperture at a working distance of between 8Á0 and 11Á0 mm.
Survival of micro-organisms in detergent solutions
The three household detergents (biological, nonbiological liquid and a detergent claiming to be antimicrobial at low temperatures) used were prepared following the guidelines on the packaging for a standard load of laundry with medium soiling. Another reference detergent: Standard ECE Non-Phosphate Reference A Detergent, supplied by the Society of Dyers and Colourist (Bradford West Yorkshire, UK) was used and prepared according to BS EN ISO 6330: 2012 using Reference detergent three (British Standards Institute 2012).
Detergent composition
All detergents used apart from the Standard ECE nonphosphate reference A detergent are commercial products, outlined is a brief overview of composition.
i Standard ECE nonphosphate reference A detergent:
does not contain any sodium perborate, bleach activator, enzymes and free from optical brightening agents. ii Nonbiological detergent: contains anionic surfactants, nonionic surfactants, phosphonates, polycarboxylates, perfumes and optical brighteners. iii Biological detergent, as per nonbiological detergent with the addition of enzymes. iv Detergent that claims to be antimicrobial at low temperatures: contains phosphate, anionic and nonionic surfactants, optical brighteners and perfumes.
Aliquots of 100 ll of either S. aureus or E. coli ( 10 8 ) were placed into 900 ll of detergent solutions and placed in a rotating water bath (B.Braun/Certomat WR â ) at either 40, 60 or 71°C (infected healthcare linen industrial laundering temperature) at 100 rev min À1 for 3, 10 or 15 min. Samples were then vortexed for 1 min, plated onto nutrient agar, incubated at 37°C for 24 h and then enumerated. Control samples were cells placed in water only, without detergent.
Removal of micro-organisms during domestic laundering
Comparison of methods for the removal of bacteria from textile swatches Fabric swatches (5 cm 9 5 cm) of 100% cotton were inoculated with 100 ll of S. aureus and E. coli (10 8 ) and left to dry. Swatches were then placed in 30 ml of PBS and either stomached or vortexed for 1 min, plated onto nutrient agar (spread plated and membrane filtration), incubated at 37°C for 24 h and then enumerated. A limit of detection for both removal and plating methods was then calculated. Vortexted samples were then resuspended in 30 ml of fresh PBS and vortexted again for 1 min, plated, incubated and enumerated. This was repeated three times.
Laundering
Two different types of fabric samples representing current commercial healthcare uniform clothing were selected to test survival or removal of micro-organisms during domestic laundering. They were 65% polyester/35% cotton blended fabric (Fabric A) and 100% polyester (Fabric B). These fabrics were cut into swatches measuring 5 cm 9 5 cm. They were autoclaved and then inoculated with 500 ll of either E. coli or S. aureus which had initial inoculums of 10 8 and incubated at 23°C for 24 h. The high initial inoculums were used in order to challenge the high-temperature wash (60°C) at which temperature the DoH workwear policy for NHS workers (Department of Health 2010) states should remove almost all microorganisms.
Inoculated polyester/cotton blended and 100% polyester swatches and equivalent sterile fabric swatches were washed in a domestic washing machine (Indesit IWSD61251 Eco, Comerio, Italy), using a cold water feed from the mains water supply on either a standard 40 or 60°C wash cycle. The actual temperature of the wash was monitored using a IButton Logger (Measurement Systems Ltd, Berkshire, UK). In order to make consistent washing load for each washing cycle, make weights (50% polyester/50% cotton squares of fabric) were added to the laundry cycle to represent a 2 kg load of laundry each time. Energy saving and 'eco' settings were not selected. Biological detergent (most commonly used detergent used by nurses (Riley et al. 2015) ) was added as per instructions for a normal load of washing (17 ml dose per wash based on a 2-kg load).
After completion of the wash cycle, fabric swatches were removed from the washing machine placed into 30 ml of PBS, vortexed for 1 min, plated onto nutrient agar and incubated at 37°C for 24 h. Plates were then enumerated. The remaining fabric swatch was then overlaid on the surface of nutrient agar, to determine if any micro-organism remained in the textile. The drum of the washing machine was swabbed using an ATP monitor after each experiment as a control for the cross-contamination of sterile swatches.
Statistical analysis
All investigations were carried out in triplicate on at least two separate occasions. Statistical analysis was carried out using IBM SPSS ver. 20 for Windows with significance set at P ≤ 0Á05. A Kolmogorov-Smirnov test of normality was conducted on the data to determine normal distribution. Independent t-tests were conducted where parametric assumptions were met. Where parametric assumptions were not met, Mann-Whitney U tests were carried out.
Results
Survival of micro-organisms on fibres
Staphylococcus aureus and E. coli with initial inoculums of 7Á7 log (10) were tested for their survival on both polyester and cotton fibres for up to 504 h (21 days). The results demonstrate that S. aureus and E. coli can survive on cotton and polyester for 21 days with up to 5Á49 log (10) and 5Á03 log (10) survival for S. aureus and E. coli, respectively, on cotton compared with limited survival on polyester fibres (0Á16 log (10) -0Á28 log (10) ) (Fig. 1) .
Scanning electron microscopy on fibres SEM was used to investigate how the micro-organisms attach to the different surface of the fibres. The SEM images show survival of S. aureus and E. coli on polyester and cotton fibres, from 168 h (7 days) onwards. Staphylococcus aureus appears to have increased clumping of cells on the surface of cotton fibres, but this is not the case for cotton fibres inoculated with E. coli. There appears to be little clustering of cells on the round surface of polyester fibres. Greater clustering of the cells is also observed on the uneven surface of the cotton fibres, in contrast with the attachment on the polyester fibres, which appears to be more random across the smooth surface of polyester fibres (Fig. 2 ). This correlates with survival testing results which showed the polyester to have the lowest survival when compared with the cotton fibres (Fig. 1) .
Survival of micro-organisms in detergent solutions
The antimicrobial effect of household detergents including a biological, nonbiological and a antimicrobial at low-temperature detergents, on the reduction of E. coli and S. aureus at a range of temperatures (40, 60 and 71°C) for 15 min was investigated. Their results were shown in Table 1 . At 40°C there was no significant difference (P ≤ 0Á05) between the control samples (cells placed in water only), biological and nonbiological detergents after 15 min, with survival of the E. coli from the initial inoculums of 8Á0 log (10) to 7Á59 log (10) , 7Á68 log (10) and 7Á75 log (10) , respectively, resulting in a 0Á25-0Á41 log (10) mean reduction only. Therefore, the overall survival of S. aureus in three different detergents was about 4-5 log (10) ( Table 1 ).
There was a significant (P ≤ 0Á05) difference occurred after 15 min when comparing the control water samples between 60 and 40°C, indicating that temperature is a key factor in reducing the survival of E. coli and S. aureus (Table 1) . However, reductions of E. coli and S. aureus between 3 and 15 min were not significant (results not shown) demonstrating that temperature has more effect than time in the reduction of the micro-organism.
The detergent claiming to be antimicrobial did not appear to perform any better than the biological (0Á33 log (10) ) and nonbiological (0Á01 log (10) ) detergents against S. aureus at 40°C indicating that it is not as effective when to compared to its efficacy at 71°C and 60°C. There was limited survival of both E. coli and S. aureus in the standardized ECE reference detergent under all conditions except for S. aureus at 40°C where a 3Á45 log (10) survival was observed (Table 1) .
Removal of micro-organisms during domestic laundering
The E. coli-and S. aureus-contaminated polyester/cotton blended (textile composition used in the majority of healthcare workers uniforms) and 100% cotton fabrics were laundered with biological detergent on 40°C wash cycle. The results to show the reduction of micro-organisms on the different fabrics after laundering are presented in Table 2 . There was no significant difference (P ≤ 0Á05) between stomaching and vortexting for the removal of bacterial cells (6Á2-6Á9 log (10) recovery) from the fabric swatches. Subsequent vortexting of the textile swatches determined that no additional cells could be removed to that of the initial vortexting processing. There was also no significant difference (P ≤ 0Á05) in viable counts between those samples that had been spread plated and membrane filtered, illustrating all viable cells had been detected via spread plating. At 40°C, some survival of the initial inoculum (7Á7 log 10 ) is observed on all of fabrics tested (Table 2) . However, a removal of 3Á38 log (10) and 3Á72 log (10) postlaundering was observed on Fabric A for the E. coli and S. aureus, respectively, and 4Á11 log (10) and 3Á68 log (10) for E. coli and S. aureus on Fabric B respectively. Overlaying of the swatches showed that some cells also remained in the textile and had not been removed.
Cross-contamination of both micro-organisms onto the sterile samples occurred at 40°C, with recovery of 3Á05 log (10) and 3Á17 log (10) for E. coli on Fabric A & B, respectively, and 3Á46 log (10) and 3Á23 log (10) for S. aureus on Fabric A & B respectively (Table 2) . Overall this is 0Á005% of the original inoculum (7Á7 log 10 ) transferred to sterile swatches. Control swabbing of the washing machine drum showed no micro-organisms remaining to further contaminate sterile swatches. During the wash cycle the cold mains water temperature gradually increases from 25 to 40°C over the first 17 min of the wash. The temperature was then held between 40 and 42°C for 23 min before cooling to 25°C for the remaining 45 min of the wash cycle.
Increasing the temperature of the wash to 60°C resulted in removal of both micro-organisms with no cross-contamination to sterile swatches. Overlaying of the textiles on agar showed limited cells remaining.
Discussion
The results of this investigation also correlate with the work of Honisch et al. (2014) , who reported that when an activated oxygen bleach (AOB) free detergent and lower temperatures (<40°C) were used for laundering, lower reductions of between 2-4 log(10) were observed than when higher temperatures were used (>40°C) against S. aureus, Enterococcus hirae, Pseudomonas aeruginosa, Candida albicans and Trichophyton mentagrophytes. The duration of the wash cycle with the AOB-free detergent was also seen to influence the reduction of some of the micro-organisms with shorter wash cycles (15 and 45 min) being less effective than 90 min cycles. The use of AOB detergents was also reported to have a much greater impact at lower temperatures than the AOB free detergent (Honisch et al. 2014) . The findings of this 
Values in parenthesis indicate standard deviation. Cross-contamination to sterile swatches
study show, a biological detergent (does not contain bleach) used in a 40°C wash, resulted in the textiles still having contamination from a high initial inoculum ( Table 2) . The ability of micro-organisms to survive on textile surfaces is not disputed, however, limited evidence exists surrounding the survival of micro-organisms in household detergents and postdomestic laundering of nurses' uniforms and how this impacts on cross-contamination of healthcare-associated infections (Neeley and Maley 2000; Oller and Mitchell 2009; Mcgovern et al. 2010 & Woodland et al. 2010 . In a study conducted by Oller and Mitchell (2009) , Egyptian cotton towels inoculated with S. aureus (10 8 ) postwash in water and a water and detergent solution resulted in a survival of between 2 log (10) and 3 log (10) , after 48 h, cells were still viable. Neeley and Maley (2000) also found that S. aureus survived on cotton for 16-21 days and on polyester for up to 56 days. In contrast to the Neeley and Maley (2000) study, this research found that the survival of S. aureus was higher on cotton than polyester (Fig. 1) .
The results of this study show that polyester fibres allows less survival of both micro-organisms over 21 days with a 6 log(10) difference in survival between cotton and polyester ( Fig. 1) A contributing factor to this is the moisture regain (MR %) of different fibres. Cotton absorbs moisture readily (MR 8Á5%) from a moderately humid environment (65% RH) and can aid the survival of micro-organisms, whereas polyester will retain little (MR 0Á4%) (Taylor 1990) . A study carried out by Woodland et al. (2010) where immediately postlaundry hospital curtains (60% polyester/40% cotton) showed increased numbers of Micrococcus sp., Bacillus sp., E. coli and S. aureus only after 3 weeks postlaundering did microbial numbers decrease. Mcgovern et al. (2010) also demonstrated that ties worn by doctors were contaminated with S. aureus and Gram-negative bacilli, with more than half of the 95 participants never having laundered their tie demonstrating that micro-organisms can survive on textile items for long periods of time.
Overall complete removal of S. aureus and E. coli occurred during a 60°C wash which is in line with the DoH workwear guidelines (2010) . At 40°C between 3-4 log (10) were removed from the fabric swatches and although this is a 99Á9% reduction, c. 10K cells remained on the textiles and similar numbers were transferred to sterile swatches, this is above the infectious dose (10-100 cells) of E.coli (Shmid-Hempel and Frank 2007), there was no significant difference between the removal of the Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria in this study. It is recognized in the DoH workwear guidelines that at lower temperatures (30°C) with detergent use, removal of most Gram-positive microorganisms occurs, this study also found that a high percentage of bacterial cells were removed, however, the lower infectious doses of Gram-negative bacteria may be considered as a potential cross-contamination route. When considering the disease risk of the remaining contamination on the fabrics and the policies that govern domestic laundering of NHS healthcare workers' uniforms, a number of factors need to be considered such as the contamination loading associated with the clinical environment, the bacteria's ability to attach to textiles, whether the bacteria are spore producers which are more likely to survive higher temperatures and the infective dose of the micro-organism. Another factor that would impact on increased survival of bacteria during the laundering process is the presence of protein from substrates such as blood or faeces, this study assessed worst case survival during laundering using high bacterial loads and no protective substrate. Much of the published literature only states the presence of the micro-organism on healthcare workers' uniforms, data on bacterial load are limited (Wilson et al. 2007) . One study demonstrates that of 57 nurses' uniforms tested prior to their shift, 39% were contaminated with either vancomycin-resistant enterococci, Clostridium difficile or MRSA, postshift 54% of uniforms were contaminated with colony-forming units (CFU) counts varying from 1 to >100 per uniform, this study does not state what the higher contamination loads were (Perry et al. 2001) . Similar findings were found when 238 physician and nurses uniforms were sampled for a range of bacteria, 50% were found to be contaminated with either coagulase-negative staphylococci, Bacillus sp., Micrococcus sp., diphtheroids, lactose-nonfermenting Gram-negative bacilli and Streptococcus viridans, 65% of the nurses uniforms were found to have potentially pathogenic bacteria, although, counts were low, ranging from 1-21 CFU per plate (Wiener-Well et al. 2011) .
In conclusion, current DoH guidelines specify the use of 60°C for domestically laundered healthcare uniforms should be sufficient to remove almost all micro-organisms, the results of this investigation agree with the guidelines when a biological detergent is used. When washing at 40°C with high microbial loads some contamination remains and cross-contaminates other textiles in the wash albeit at low levels, greater evidence is also required on the efficacy of detergents against microorganisms at lower temperatures in order to establish best practice. To ensure regular, safe laundering and decontamination of uniforms further research is required to establish bacterial loading on healthcare uniforms in order to fully understand the potential risk of any remaining bacterial contamination postdomestic laundering at 40°C. In many countries other than the UK, the laundering of hospital uniforms or other workwear that comes into contact with pathogens are laundered industrially or on site to ensure compliance with laundering recommendations, validation of processes and adequate decontamination, resulting in the safe decontamination of healthcare laundry. The implementation of such a policy in the UK may prevent the washing of healthcare uniforms at lower temperatures, which could have the potential for the survival of pathogens and further crosscontamination to the hospital eironment. This study did not investigate drying practice due to a wide range of differing methods although it should be assumed that this would have some impact on the survival of microorganisms on uniforms.
